The non-invasive measurement approach of the mean heat transfer coefficient for the packed bed of vegetables may be thought as still open issue. There is a clear need for the assessment of heat transfer conditions for various types of fruits and vegetables in order to accurately predict the thermal load that is necessary to select refrigeration equipment for cold storage chamber. Additionally, there is significant development in numerical modelling of heat and mass transfer processes in cold storage chambers for fruits and vegetables which requires precise heat transfer prediction. The theoretical basis for the indirect measurement approach of mean heat transfer coefficient for the packed bed of vegetables that is based on single blow technique is presented and discussed in the paper. The approach based on the modified model of Liang and Yang was presented and discussed. The testing stand consisted of a dedicated experimental tunnel along with auxiliary equipment and measurement system are presented. The geometry of the tested vegetables bed were presented. Selected experimental results of heat transfer are presented and discussed for the packed bed of carrots. These results were presented as dimensionless relationship. The obtained results were compared with the existing dimensionless relationships developed for the packed bed consisting of elements of various regular shapes.
INTRODUCTION
The paper deals with approach of the measurement of heat transfer and flow resistance in packed bed of vegetables. The knowledge of heat transfer conditions during cooling of vegetables is necessary for the reliable design of the cold storage chamber.
Usually measurement of the flow resistance in packed bed of vegetables or fruits is not very difficult. However, the measurement of the heat transfer coefficient may be thought as a challenge in most cases due to very complicated geometry of the packed bed elements. This is the reason why it is impossible to apply the simplest direct methods of the measurement of the heat transfer coefficient that are based on the direct measurement of the mean temperature of the vegetables surfaces, gas temperature distribution as well as heat flux density. This means that in this case an indirect method must be applied. The methodology of such measurement is proposed in this paper.
INDIRECT MEASUREMENT METHODS
The methods or techniques that can be applied to measure of the mean heat transfer coefficient in the packed bed can be classified in many ways. One of the possible classification approach that can be found in the literature is the classification proposed by Achenbach (2006) that is as follows:  heat transfer measurement for a single spherical element located in the tested packed through which blows electrically heated air;  techniques using the measurements of the mass transfer and the analogy between heat and mass transfer is applied;  simultaneous exchange of heat and mass transfer approach;  measurements involving the regenerative heating;  semi-empirical method.
According to Achenbach (1995) a method using a blast of hot air flow involves determining temperature difference between the wall of the probe and its environment. Probe used in this method should be made in the form of a copper or brass sphere. Filling ambient probe should be characterized by a very low thermal conductivity. To eliminate the measurement error associated with the radiation of the probe surface is done by means of polishing of the sphere surface.
The technique of using of heat and mass transfer analogy is based on the measurement of weight loss with beads of naphthalene which sublimate during air flow in a specific period of time . According to Achenbach (1995) the boundary condition in this technique is the substance concentration on the walls surface of the tested spheres.
Measurements using a simultaneous heat and mass transfer consists of placing the porous balls soaked with a liquid in air stream. In this method mass transfer is measured by loss in mass of the balls and the balls surface temperature which strongly depends on the process of evaporation. However, determination of the balls surface temperature causes considerable problems with application of this approach, Achenbach (1995) .
Another method described by Achenbach (1995) is a regenerative heat technique. This technique involves simultaneous heat-ing and cooling of the tested packed bed. Temperature distribution is measured in this method which provides indirect information about heat transfer coefficient. The disadvantage of this technique is considerable technical and calculation efforts which strongly reduces the efficiency and accuracy of the measurement.
The last discussed method is a semi-empirical approach. It consists in determination of mean heat transfer on a single element of the regular shape for which the experimental correlations were obtained are transferred to the entire packed bed. Gnielinski (1978) successfully applied and described semiempirical method for the first time. He used the asymptotic solutions with laminar flow around a flat plate:
while for turbulent flow:
where: , is Nusselt number for laminar and turbulent flow, respectively; is Prandtl number; is Reynolds number;  is porosity of the packed bed.
Using eq. (1) and (2) are received the following correlation for Nusselt number for a single sphere:
Another classification of the experimental methods of mean heat transfer in the packed bed was proposed by Fricke and Becker (2004) . They classified methods as follows:  the measurements at constant temperature;  the measurement at a variable temperatures;  heat flux measurements.
According to Becker and Fricke (2004) the most popular way to determine heat transfer coefficient is the measurement at variable temperatures. The measurement at variable temperatures consists on the determination of heat transfer coefficient during heating or cooling of the product. During the measurements two cases are possible: low Biot number ( ≤ 0.1), and hi ℎ ( > 0.1). The Biot number, Bi, can be defined as the ratio of external heat transfer resistance to internal heat transfer resistance, and is defined as follows:
The first case, i.e. small Bi number means negligible internal thermal resistance, i.e. in all of the tested elements temperature is very uniform at a given point in time. For a case of high Biot Number the thermal resistance affects temperature distribution in the tested element, i.e. at the same time in the tested objects temperature gradient will appear. During cooling process by cold air flow the typical range of Biot number is 0.2 < <20. Therefore internal thermal resistance is important during cooling or freezing of foodstuff. A method involving the internal temperature gradient of food products is useful to determine heat transfer coefficient in the case of elements of a simple regular shape, e.g. flat plateshaped elements, cylinders or spheres (Becker and Fricke 2004) .
A different approach for measurement of heat transfer coefficient was proposed by Alvarez et al. (1999a, b) . They conducted the measurement of transfer coefficient using non-steady methods. They heated balls made of aluminium inside which were placed thermocouples. Such constructed spheres first were heated up to 60°C and then placed in the boxes, and finally are cooled in an air stream. The authors (Alvarez et al. 1999b ), defined the heat transfer coefficient of the balance sheet:
where: -temperature of the ball; 0 -air temperature; -density of the ball; -specific heat of the ball material; -time; -volume of the ball; -surface area of the ball;  -heat transfer coefficient. 
where: is turbulence intensity. Studies on the heat transfer in the bed are also carried out by Laguerre et al. (2006 Laguerre et al. ( , 2008 . In both cases, tests were performed with use of the spherical objects. The investigations of Laguerre et al. (2006) were performed to study of heat transfer between of the bed and the container wall. They used balls made of aluminium and steel in the measurements. Balls were additionally coated with chrome in order to eliminate the effect of radiation. Additionallythey put in the bed two balls: heating and the heated in order to determine of heat conduction in the bed. Laguerre et al. (2008) studied heat transfer for the case of natural convection in the bed of balls made of PVC filled with gel.
Detailed overview and summary of the heat transfer coefficients for food products, along with the existing correlations, helpful in determining the value of transfer coefficients includes ASHRAE Handbook -Refrigeration (2010).
All of the above approaches may be thought as unsuitable for measurement of mean heat transfer coefficient of the packed bed of vegetables since in most of these techniques the various shapes of the vegetables could not be taken into account as well as there is possible significant change of the vegetables thermokinetic properties during the measurement procedure. The above disadvantages may be omitted by means of application of the purely indirect method, i.e. single blow technique. To the knowledge of the authors this technique has never been applied for the measurement of the mean heat transfer coefficient of the packed bed of vegetables. Therefore the application of this technique as well as preparation of the appropriate methodology dedicated for the packed bed of vegetables is the motivation of the authors for present investigations reported in this paper.
SINGLE BLOW METHOD
The so-called single blow technique is thought to be an efficient method used to experimentally determine the average heat transfer coefficient in the packed bed. This method was also effectively applied for investigations of heat transfer in compact heat exchangers: Shaji and Das (2010), Krishnakumar et al. (2011) , Ranganayakulu et al. (2017) . Heat transfer coefficient is based on the actual surface area of the bed elements and takes into account convective heat transfer between gas and the packed bed element surface. In the discussed method the average heat transfer coefficient α to be found is determined by means of the comparison of the actual temperature profile of gas (that is heated or cooled in the tested packed bed) measured at the outlet of the tested packed bed with the predicted one on the basis of the theoretical model, Butrymowicz et al. (2016) . The agreement between the experimental temperature profiles and theoretical prediction depends on the heat transfer coefficient that is applied in the theoretical model of heat transfer. Various theoretical approaches may be applied in order to predict temperature profile at the outlet for given inlet conditions and the vegetables geometry. Below short review of theoretical models which may be applied in the single blow method is presented.
The measurement in the single blow method is to record the time variability of gas temperature profile directly at the inlet and outlet of the tested packed bed which is caused by switching the heating section on or off is of key importance for the discussed method. The following conditions need to be met before the measurement:  gas flow is steady state (constant velocity);  the temperature in the measurement section is constant and equal in the axial and radial directions. Temperature profiles recorded during the single blow technique measurements are used when solving equations modelling heat exchange in the tested packed bed. The measured temperature leap or profile at the inlet to the test section is the boundary condition for the model equations. The measured temperature profile at the outlet of the test section should be predicted on the basis of the model. However, the theoretical and the measured outlet temperature profiles may be compared in several ways that may be thought as equivalent.
The most basic one-dimensional model of transient heat transfer between a porous body and a fluid flowing through it is the model proposed by Anzelius (1926) . This model became the basis for many further modifications and is still being developed by removing the numerous simplifications assumed by the author in order to obtain analytical solution of the model equations. Anzelius (1926) model is based on the energy balance for a solid body element (porous or perforated packing of the exchanger) in the situation presented in Fig. 1 .
The following assumptions were made:  the physical properties of fluid are independent of temperature;  gas flow is steady state ( = const);  the solid has a homogeneous structure;  the thermal conductivity perpendicular to the flow direction is infinite (both for the fluid and for the solid body);
 the thermal conductivity of the fluid in the flow direction equals to zero;  the external casing of the packed bed is adiabatic;  initially the temperature in the exchanger is uniform ( = = );  initially the fluid temperature leaps from to 1 and then it remains steady. Balance equations of the element of fluid and solid body are as follows:
where: non-dimensional time is defined as follows:
and non-dimensional coordinate is defined as:
After the transformation of the above equations, two new coefficients appear in the energy balance for the solid body, namely the number of heat transfer units:
and a parameter connected with solid body thermal conductivity k s in the direction is parallel to the flow direction:
If the conductivity can be ignored, the above equations have analytical solutions developed by Schumann (1929) in the form:
where: is non-dimensional temperature defined as follows
The distributions of temperatures obtained from the above Schumann analytical solution can be used to determine the heat transfer coefficient α if the experiment well agrees with the boundary and initial conditions assumed in the model. Then, comparing the measured temperature distribution ( ) at the packed bed outlet with the theoretical temperature distribution the spot = , the best fit will be achieved if the value α specific for the tested exchanger is used (Furnas, 1932) .
Instead of comparing the temperature profiles, their derivatives can be used, and in particular their maximum values. Locke (1950) differentiated the solution for the outlet temperature 2 = ( , = ) at constant and obtained the relationship for the slope S of the curve describing evolution of temperature in dimensionless coordinates. This makes it possible to determine the derivative from the experimental profile of outlet temperature 2 ( ) and the experimental value . For that value it is possible to obtain the corresponding value, and then find the needed value of coefficient .
Solving the model equations taking into consideration heat conductivity along the solid body is only possible with numerical methods. The necessary calculations were done e.g. by Howard (1964) , and his findings in the form of tables and graphs of function = ( ) for selected values within the range of [0.005 …10, ∞] are also included in the paper presented by Pucci et al. (1967) . The effect of the parameter λ on the determination of is significant, especially when > 10. Due to the considerable slope of the curve = ( ) this approach of determination of α with the use of maximum slope involves considerable error for certain combinations of parameters . The accuracy of determining of heat transfer coefficient using the single blow method can be improved by extending the Anzelius model, providing that:  the leap of the inlet temperature of the fluid occurs not immediately;  heat conductivity in the solid body occurs not only in the axial direction but also in the radial direction;  the external wall of the packed bed (packed bed) is not adiabatic; consequently there is a radial temperature gradient in the packed bed;  pressure drop of the fluid flowing through the packed bed (packed bed) causes change of its temperature due to JouleThomson effect;  the distribution of fluid velocity in the axial direction is heterogeneous due to disturbances of gas flow occurring at the elements of the packed bed (packed bed). The modification of the initial conditions of Schumann solution proposed by Liang and Yang (1975) minimizes the problems connected with experimental realization of the non-immediate temperature leap at the tested exchanger inlet. Liang and Yang model was further extended by Cai et al. (1984) by taking into consideration also the conductivity of the solid body in the axial direction. The solution of this model could be obtained by numerical procedure, however. In this case the temperature profile at the exchanger inlet can be any function of time. Chen and Chang (1996) added to the model an equation describing the heat transfer between fluid and the casing. They also took into account the Joule-Thomson effect (Chen and Chang, 1997), and finally also radial conductivity (Chang et al., 1999). Luo et al., 2001, highlighted the impact of disturbances of fluid flow caused by the elements of exchanger packing (so-called axial dispersion). Taking into consideration that the usually the measurements cover large number of test runs then the most useful will be the analytical solution of the temperature profile at the outlet of the tested packed bed, however.
One of the sources of inaccuracy of the heat transfer coefficient α determined by means of the single blow method is the difficulty of the realization of the immediate temperature leap at the exchanger inlet. Due to the thermal capacity of the heater any temperature changes always occur at a certain time span. Liang and Yang (1975) proposed the dimensionless inlet temperature profiles obtained in the discussed test method after switching the heater on or off as the exponential function:
where:
* is an experimentally determined dimensionless constant.
The above temperature profile as the boundary condition for modified Anzelius model equations (Liang and Yang, 1975) . In the equation for fluid energy balance its thermal capacity was taken into consideration so the equation for gas energy balance was obtained as follows:
The thermal conductivity in the solid body was ignored. In the dimensionless form energy balance equation for solid body can be presented as follows:
The coefficients 1 and 2 in Eq. (17) are constant and defined as follows:
where: is the volume of fluid inside the packed bed per length in the flow direction and , is the smallest cross-section surface area of the packed bed available for the flowing fluid. It must be remembered that temperature 1 , necessary to calculate should be the value settled at the inlet after a sufficiently long time after switching the heater on or off. Equations (17) and (18) with boundary condition Eq. (16) and the following initial conditions:
were solved (Liang and Yang, 1975) with the use of the Laplace transform which gave a set of equations:
̅ ( , 0) = 1 * ( + 1 * ) (23) where: ̅ denotes the transform, and p is its argument. The solution to the set of Eqs. (21)- (23) in relation to ̅ is as follows (Liang and Yang, 1975) :
Finding the inverse Laplace transform for Eq. (25) at = , the following relationships describing the profile of dimensionless temperature at the packed bed outlet are obtained: 
In the above relationships the symbol * denotes dimensionless time defined as follows: * = 1 (27) and is the mean velocity of fluid in the packed bed.
Provided the relatively high numerical cost connected with the application of more complex mathematical models of heat transfer in regenerators, the authors decided that the use the above modified Liang and Yang model (Liang and Yang, 1975) . The key element in this model is the consideration of the exponential character of the inlet temperature profile which allows to avoid a considerable error resulting from the impossibility to execute an immediate leap of temperature at the inlet of the tested packed bed. It is recognized that the accuracy of this model should be satisfactory for indirect measurement of the heat transfer coefficient.
TEST APPARATUS
The experimental part of the single blow method is carried out in a wind tunnel. Temperature and pressure measurement points are placed at the inlet and outlet of the tested packed bed. Static pressure difference is measured in order to determine the frictional flow resistance. In addition, the velocity of gas flow through the packed bed should be also measured. It may be suggested that the temperature of gas flowing through the packed bed should be raised above the ambient temperature by approximately 5-10 K. An electrical heating coil made of resistance wires may be applied for this purpose. Due to the required velocity homogeneity, the heating coil should disturb the flow as little as possible. The structure of the coil also affects the gas temperature profile obtained after switching it on or off which is important from the point of view of the theoretical model applied to draw up the results of the measurements. The simplest models offer the analytical solutions for which an immediate temperature leap at the measurement section inlet is assumed. Some of the theoretical models assume the inlet temperature profile that is described by an exponential function achieved in the experiment. In more complicated numerical models there is no limitation concerning the profile of inlet temperature so the restrictions concerning the heating section (mainly its length in the direction of gas flow) are less important. Due to the homogeneity of velocity profiles required in the case of the theoretical models, it is recommended to place a flow straightened (in the form of a honeycomb packed bed) before the test section. In order to eliminate the influence of disturbances generated at the tunnel outlet geometry, a similar flow straightened should be also placed at the outlet of the test section. Reduction of the channel hydraulic diameter between the tunnel inlet and the test section is required in order to reduce turbulence level in the flow.
The test tunnel consists of three sections as it is show in Fig. 2 . Air flow rate in the tunnel was controlled by means of change of the centrifugal exhaust fan rotational speed. The electric heater capacity was adapted to current operating conditions in order to produce the required air temperature jump. The electric heater capacity was fixed during the test run. The test stand consists of three parts:  the inlet section with an electrical heater;  the measurement section with the tested packed bed of vegetables;  an exhaust fan with a diffuser.
The schematic of the test section is show in Fig. 3 . The temperature distribution at the inlet and outlet to the test section were measured by means of thermocouples nets. Based on these measurements the average temperature of air at the inlet and outlet were obtained under transient operating conditions.
The following basic parameters are measured on the test stand:
 air temperature at the tunnel inlet;  air temperature at the tested bed inlet ;  air temperature at the tested bed outlet;  static pressure drop at the tested bed;  dynamic pressure at the tunnel inlet;  air humidity at the channel inlet and outlet;  electric heater on/off signal. Fig. 2 . Schematic diagram of the test tunnel: 1 -flow rectifier; 2 -air flow rate and temperature sensors; 3 -electric air heater; 4 -confusor/diffuser; 5 -thermocouples net at the tested bed inlet; 6 -moisture sensors; 7 -pressure gauges; 8 -tested packed bed of vegetables; 9 -thermocouples net at the tested bed outlet; 10 -exhaust fan Fig. 3 . Schematic of the test section: 1 -tested packed bed; 2 -thermocouples net at the bed inlet; 3 -thermocouples net at the bed outlet; 4 -pressure gauges; 5 -air moisture sensors
Thermocouples of the type of TP201 J of the diameter 0.5 mm were placed. The thermocouples of the open junction type were applied which enabled low thermal inertia. The thermocouples were calibrated for three temperature levels with use of the calibrated Pt100 sensor. The maximum difference between calibration sensor readings and thermocouples readings were not exceed ±0.15 K.
The reported measurements were carried out for the case of carrot. The prepared packed bed of carrot before insertion in the test tunnel were show in Fig. 4 and Fig. 5 . The tested carrot was inserted in the gauze container.
The dimensions of the prepared packed bed were as follows: width 0.320 m; height 0.320 m; length 0.600 m.
The parameters of tested carrots placed in the bed are reported in Tab. The average hydraulic diameter of the packed bed ℎ may be assessed on the basic of porosity:
-surface area of the free space inlet; -perimeter of the free space inlet; ( · ) -volume of free space; ( · ) -surface area of free space; -length of the bed. Knowing that the porosity ( ) and specific surface area ( ) the following relationship may be applied:
where: -total volume of the bed. Substituting equation (29) to (28) it may be obtained:
TEST RESULTS
The obtained results based on the application of the described single blow technique for the packed bed of carrots were presented in Tab. 2. It should be noted that Reynolds number Re was based on flow parameters in the equivalent channel inside the packed bed and w is velocity at the tested bed inlet. On the basis of the obtained experimental results the following correlation describing heat transfer in packed bed of carrots may be proposed: The comparison of the measurement results with proposed dimensionless relationship eq. (31) is presented in Fig. 6 .
Heat transfer coefficient ( ) used in the measurement method, was presented as a heat transfer coefficient Colburn, which can be written as: Relationship between Colburn heat transfer factor versus Reynolds number is shown in Fig. 7 .
The proposed own correlation may be compared with literature available correlations developed for the cases of the packed bed consisted of the elements of the regular shape:  correlation proposed by Alvarez et al.(1999b) for the case of spherical shape: 
 correlation proposed by Kondjoyan (2006) for the case of the cylindrical shape:
= 0,31 0,62 (1 + 0,9 0,04 ),
 correlation proposed by Kondjoyan (2006) for the case of the conical shape:
= 0,5 0,5 (1 + 0,87 0,09 ).
The comparison between own correlation eq. (31) and other correlations developed for the packed bed consisted of the elements of the regular shape, eq. (33)  eq. (35) is presented in Fig.  8 . It was assumed turbulence intensity = 0,02 which corresponds to conditions of the test tunnel air flow. As it can be seen the analysed correlations eq. (33)  eq. (35) slightly over predicts own experimental correlation for Nusselt number for the whole range of Reynolds number except for the relationship eq. (34) developed for the cylindrical shape which strongly over predicts own results for higher Reynolds number range. However, it may be thought that the agreement between own correlation, eq. (31) and correlation developed for the conical shape, eq. (35) may be thought as reasonable good. Since the conical shape may be thought as the best geometry for the case of tested carrots the obtained results may be thought as the positive evaluation of the proposed measurement methodology of mean heat transfer coefficient for the packed bed of the vegetables.
SUMMARY
This paper presents the methodology of the measurement of heat transfer coefficients for packed bed composed of the vegetables. The reported measurements were carried out for the case of carrots. It is necessary to emphasize the necessity to develop an indirect method of measurement of the heat transfer coefficient by means of single blow technique. The current results involve the modification of this method proposed by Liang and Yang (Liang and Yang, 1975) . The authors believe that the proposed methodology proved to be useful and produced reliable values of coefficients given by relationship eq. (30) for the tested packed bed of carrots. Further development of the proposed methodology may be proposed for the case of the other vegetables.
